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Introduction
Despite Africa's large energy endowment and the progress achieved in the establishment of regional power pools over the last two decades, the power network in Africa is still underdeveloped with inadequate generation systems, leaving millions of people in Africa without electricity.
Nearly two-thirds of Africans (more than 620 million people) do not have access to electricity (IEA 2014b) . And the per capita electricity consumption is very low in the majority of sub-Saharan Africa (SSA) countries, reaching on average only 17 kW-hours (kW h) per year (225 kW h if South Africa is excluded). Moreover, those that do have access are facing high prices for an unreliable supply with frequent power outages. Scheduled blackouts, as well as random power outages, are a daily occurrence in the region. The economic losses due to the power interruptions are estimated to vary annually from 1 per cent to 5 per cent of the gross domestic products (GDP) of the countries (IRENA 2015a (IRENA , 2015b ). This energy poverty (i.e. a lack of access to modern energy services or access to unreliable energy sources) is believed to hinder economic growth in African economies (Ouedraogo 2012 (Ouedraogo , 2013 ).
This situation is expected to get worse as population, urbanization, and income are projected to rise, driving up electricity demand that is predicted to increase significantly in the coming years. This will put a future strain on the currently insufficient generating capacity and poor regional and national power infrastructure.
Therefore, there is an urgent need to raise and improve the capacity of the power sector in Africa. Power systems planning, which consists of ensuring that energy-related policy and investment decisions consider all possible power supply-and demand-side options, is critical. That will help improve power generation, anticipate, and respond to the increase in energy demand for sustainable development in Africa.
A prerequisite to power systems planning is an electricity demand forecast, which is the prediction of demand for power in the future. Forecasting is an important component of power system management. Precise forecasting helps the electric power companies make unit commitment decisions, reduce the spinning reserve capacity, and properly schedule device maintenance plans (Amina and Kodogiannis 2011) . It also reduces the generation cost and increases the reliability of the power system.
Rigorous demand forecasting is crucial in developing countries with low rates of electrification in order to support effective development of the power systems. Sound predictions of demands and demand trends in a highly uncertain environment are more than ever needed to convince outside investors (e.g. private sector, bi-and multi-lateral investors, project shareholders, etc.) (SNC Lavalin International Inc. and Parsons Brinkerhoff 2011) . Long-term planning is necessary to support optimal allocations of the investments in developing countries.
Nevertheless, there are currently several obstacles to producing such studies for developing countries, including SSA countries. Besides data paucity and quality, particularly regarding renewable resources data, and a shortage of expertise (IRENA 2015a (IRENA , 2015b Bazilian et al. 2012) , the analysis methods and the tools used are not always appropriated to the respective regions, including their policies, and investment questions.
Indeed, energy forecasting models in developing countries are derived from those of industrialized countries. Consequently, it is assumed that the energy systems of developing regions will behave like those of developed regions and that they will follow the historic development trajectories of developed countries (Shukla 1995) . However, the developing countries have their own characteristics which differ from those of developed countries and extrapolating the energy modeling technique of these later to low-income countries may result in biased models and inadequate modeling of the energy systems of developing countries (Urban et al. 2007 ).
Overall, the existing modeling frameworks give a partial view of the energy systems in Africa and the related issues they are facing, and result in fragmented results and figures, making their understating as complementary pieces of information by policy makers difficult ).
For better planning objectives, there is, thus, a need for developing new or improved existing energy models which will adequately address the characteristics of African countries' energy systems and economies.
This study develops a scenario-based model to quantitatively analyse the current status of power generation and predict the composition of the future generation profile, and the associated global warming potential. The energy-economic modeling platform Long-range Energy Alternative Planning (LEAP), which emerged as the most suitable energy modeling framework for developing countries, is applied to analyse the regional power systems expansion and explore different potential scenarios to achieve universal access to electricity, as well as their associated greenhouse gas (GHG) emissions. These scenarios include the deployment of renewable energies and demandand supply-side energy efficiency policies. Contrary to the existing literature, a detailed representation of the African power system is proposed. All the end-users and supply-side activities and actors are considered.
To the best of our knowledge, this study is one of the first detailed and complete models of the African regional electricity systems.
The remainder of the paper is as follows: Section 2 presents the literature review on the long-term electricity forecasting. The power sector of Africa is described in Section 3. The empirical methodology and the sources of data are described in Section 4. The results are discussed in Section 5 and, Section 6 concludes the discussion.
Literature review
The need for accurate and efficient power system planning, as well as for handling the increasing complexity and number of parameters that influence the trends of electricity demand (Santos et al. 2007 ) has led to the evolution and development of forecasting methods over the last few decades. Today, a diverse array of energy models employing a variety of different techniques, which have been used to analyse a wide range of issues, exists. 1 1 It should be noted that, if model, tool, and modeling framework are used interchangeably throughout the literature, these are, in a strict sense, different. An energy model is a simplified representation of a specific energy system, and a tool or modeling framework model refers to the computer programme used to create the different models (Timmerman et al. 2014) . Table 1 displays the main long-term global energy models existing today. Tables A1 and A2 in the  Appendix display a description and a classification of energy systems models as well as their  options, purpose, and structure  2 (see Table A3 ).
Primarily built and used in the developed countries, some of these models, however, have been applied to assess the energy systems in developing countries, including SSA countries. Nevertheless, energy systems of the developing world present different characteristics from those of the industrialized world that, many forecasting models biased towards the latter, fail to adequately address (Urban et al. 2007 ). These characteristics include the informal economy, supply shortages, poor performance of the power sector, structural economic change, low electrification rate, high share of traditional biomass, and rural households.
By analysing the number of main characteristics of developing countries addressed per model Urban et al. (2007) showed that, among the above cited-methods, LEAP, MESSAGE, (Model for Energy Supply Strategy Alternatives and their General Environmental impact) and the WEM (World Energy Model) are those which address a large number of developing countries' characteristics.
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Among these three models, LEAP has been selected as the preferred framework to elaborate upon scenarios regarding the development of the African power system for different reasons.
First for all, while the WEM of the International Energy Agency (IEA) is a simulation model covering energy demand, energy transformation, and energy supply, including the majority of the end-use sectors and energy-related CO2 emissions, the model is a 'black box' that is not available for public use.
Secondly, MESSAGE is an optimization model used to optimize energy investment decisions by finding the best solutions; that means that investment and operating cost data are of prime importance in this model. However, such data availability, within the context of African countries, is sparse. Moreover, optimization models assume the existence of optimal consumer behaviour and perfect markets; market imperfections and obstacles as in Africa's context are not considered, resulting in improbably low projections of energy demand (Schade et al. 2009; Herbst et al. 2012; Semertzidis 2015) .
In contrast to optimization models, such as MESSAGE, that provide an image of what would be an optimal trajectory, the LEAP model is an integrated assessment tool that can be used to represent plausible future trajectories. It allows for the track of energy resource extraction, production, and consumption in all sectors of an economy as well as for the simulation and assessment of the impacts of alternative energy policies on energy systems. It can also be used to track energy sector and non-energy sector GHG and local pollutants emissions (SEI 2006) . Therefore, LEAP can be used to compare alternative electricity generation systems over the medium to long term in order to enable economic and environmental impact analysis (Mcpherson and Karney 2014) .
The LEAP model is more specifically suitable to the modeling of energy systems with sparse historical macro-economic data for trend analysis and/or short-run development issues. Indeed, the initial data requirement of LEAP is very low. Only the base year requires detailed statistical data. Given the lack of quality time series in the African countries' context, the LEAP model is, thus, a good option.
Moreover, LEAP is flexible and transparent and allows for the incorporation of data and results from other models (SEI 2006) .
It should also be noted that LEAP is free for use in developing countries with a user-friendly interface and so is well-suited for the purposes of knowledge and skill transferring.
Consequently, the LEAP modeling framework is best-suited to the modeling and forecasting exercise on African countries and an in-depth regional analysis.
LEAP is not new and has already been widely used in the literature to carry out studies in more than 190 countries, applied on the municipal, national, regional, and global scales (Rogan et al. 2014) . However, to the best of our knowledge, there is no regional-level electricity system model developed within LEAP for SSA.
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Nevertheless, the LEAP model, like the above-mentioned literature, has its fair share of strengths and weaknesses. First of all, the model does not automatically generate optimization or marketequilibrium scenarios. Secondly, economic factors' choices are not considered by the model in determining energy supply and fuel. In addition, shares of fuel usage and substitution among endusers must be determined exogenously and the analysis of fuel competitiveness between renewable energy and fossil fuels cannot be performed. Finally, the model cannot assess the impact of energy policies on the macroeconomic variables (Heaps 2016 ).
As of the present date, the literature on long-term electricity demand forecasting in SSA consists mainly of aggregate forecasting techniques based on historical trends with exogenous variables, such as future annual grid connections of households. Electricity demand is projected, thanks to some econometric relationships to income and population growth projections associated with the elasticities Nussbaumer et al. 2012) . Nevertheless, such techniques are not adapted to carry out studies on developing countries where a lot of the people lack access to electricity .
Only a few studies which use sophisticated modeling methods to analyse the African power system exist and there are even fewer studies on scenarios modeling the regional power system.
These studies on Africa can be divided into three different groups. The first group of studies uses IMAGE and MESSAGE models, as well as their extensions IMAGEREMG and MESSAGEAccess, and is focused only on individual universal access to electricity, ignoring the other sectors which together account for a large share of total electricity demand in Africa (Riahi et al. 2011; Pachauri et al. 2012; Chakravarty and Tavoni 2013; Pachauri et al. 2013 ). This forecasting exercise fails to propose alternative policy options to improve electricity availability aside from the target of universal access to electricity which seems unattainable by 2030 . Moreover, this category of studies tends to ignore the supply-side management issues.
The second group of studies, by using MARKAL and its extensions model (TIMES, GMM MARKAL), consider both the demand and supply sides, but tend to partially analyse the issues related to the energy system in Africa as they do not always consider all the end-users and/or all the supply-side activities and actors. These studies include Howells et al. (2005) , Panos et al. (2015) and Panos et al. (2016) . Finally, the third group of studies uses the optimization framework, OSeMOSYS, and its extensions models, and is focused on the supply side and interregional trade of energy, capacity expansion planning, and associated finance. These studies consider the demand as exogenous. The main objective of these studies is to determine the cost-optimum supply profile for a specified volume of energy demand, determined exogenously. These studies include Taliotis, Bazilian et al. (2014) , Taliotis, Miketa et al. (2014) , and Taliotis et al. (2016 Table 2 displays the results of these regional power demand forecast studies.
Overall, the existing research, due to the selection of the modeling techniques and tools, the methodologies and design parameters, and the research and model assumptions of the different studies, fails to provide clear estimates of the distribution of the current and future energy needs and to adequately inform policy makers ).
The purpose of this study is to contribute to the body of knowledge and fill some of the gaps that exist in the literature and mentioned above by developing the first regional LEAP model to assess the power system in Africa.
Our contribution to the literature is fourfold. First for all, this study is the first detailed and complete model of the African regional electricity systems, developed within LEAP.
Secondly, in the methodological aspect, this study also contributes to the existing body of knowledge vis-à-vis scenarios for improving electricity access in Africa by analysing plausible scenarios of the regional power system expansion. In addition, demand-side and supply-side energy efficiency measures, crucial in energy management and planning in Africa, are incorporated into the modeling framework. Finally, the GHG and local air pollutant emissions associated with the scenarios of regional power system expansion and increasing demand are assessed.
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Overview of Africa's power sector
Sub-Saharan Africa has the lowest rate of electrification in the world. In 2014, almost 48 per cent of the population lacked access to electricity. Progress on access to modern energy services over the past few years has fallen behind population growth (IEA 2014b). Only Cameroon, Côte d'Ivoire, Gabon, Ghana, Namibia, Senegal, and South Africa have a rate of electrification superior to 50 per cent; the remaining countries have an average electrification rate of just 20 per cent (IEA 2014b) ( Table 3 ).
The low rates and disparate level of access to electricity in SSA are due to the poor planning capacity of countries, resulting in inadequate policy and investment decisions in the past . To deal with these issues, the solution, which is based upon the development of their huge available energy potential, in spite of the uneven distribution among the different countries, specifically in the case of hydropower, features a decision made among some African countries to mutualize and share their energy resources and infrastructure with neighbouring countries to reach economies of scale and increase electricity production. Figure A1 ) shows the boundaries and members of each of the five power pools. Table 4 gives an overview of the electricity-related situation of each pool. As in 2014, SAPP is the region with the highest installed capacity and CAPP is the region with the lowest installed capacity. The existing electricity capacity is mainly thermal in COMELEC (gas), SAPP (coal), EAPP (gas), and WAPP (gas). The installed capacity is predominantly hydropower in CAPP.
The West African Power Plan (WAPP) covers 14 countries, namely Benin, Burkina Faso, Côte d'Ivoire, Gambia, Ghana, Guinea, Guinea-Bissau, Liberia, Mali, Niger, Nigeria, Senegal, Sierra Leone, and Togo.
The electrification rate in the region is on average 36 per cent. However, this rate hides wide disparities among national electricity access rates and between access in urban and rural areas. The national rates vary from 14 per cent in Niger to 64 per cent in Ghana. The rate of electrification in rural areas is very low, ranging from just 1.2 per cent in Liberia and Sierra Leone to 40 per cent in Ghana. The populations, particularly those in rural areas, are heavily reliant upon traditionally solid fuels, such as dung, wood, and charcoal for their energy needs. Besides that, energy security is also a major issue among the WAPP member states. Energy insecurity in the region includes an unreliable power system, poor infrastructure, and dependence on fuel imports (REN21 2014).
The total installed capacity in WAPP is about 14 GW as of 2014. The region is dependent on gasfired power generation. Hydro is the second large source of power generation. The region still has a vastly untapped hydro potential of approximately 12 GW that includes 3 GW each in Nigeria and Guinea, and 1.6 GW in Ghana (WAPP 2011; REN21 2014) . Only two countries (Gambia and Senegal) have real grid-connected wind energy potential. Solar power remains marginal; solar photovoltaics are used only for distributed energy generation and off-grid electrification (REN21 2014).
Ten countries are members of the EAPP: Burundi, Democratic Republic of Congo (DRC), Egypt, Ethiopia, Kenya, Libya, Rwanda, Sudan, Tanzania, and Uganda.
Around 80 per cent of the population in East Africa lacks access to electricity. The electrification rate varies from 100 per cent for Egypt and 15 per cent for Tanzania to 6 per cent for Burundi. In the other EAPP countries, the shares of population with access to electricity range from 10 to 30 per cent.
The total installed capacity in EAPP is 28 GW with Egypt accounting for more than 70 per cent of this capacity. In EAPP, electricity is largely generated from gas-fired power plants. Hydro power and oil-fired power plants come in the second and third places as generation sources. The region has a largely untapped renewable energy potential. The hydro potential exceeds the current, as well as short-to medium-term, domestic electricity needs. For example, the technical potential of the Grand Inga project in DRC alone is estimated to be over 40 GW (IRENA 2015a (IRENA , 2015b .
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Countries along the Great Rift Valley (Ethiopia, Kenya, the DRC, and Tanzania) have important power potential from geothermal sources (EAPP 2014; IRENA 2015a IRENA , 2015b .
The Central African Power Plan (CAPP) covers ten countries: Angola, Burundi, Cameroon, Central African Republic, Chad, DRC, Equatorial Guinea, Gabon, Sao Tomé and Principe, and the Republic of the Congo. Angola and DRC are also members of the SAPP, and some utilities in Burundi and DRC are also members of the EAPP. Electrification rates vary from 66 per cent in Equatorial Guinea and 9 per cent in DR Congo to less than 3 per cent in CAR (IEA 2014b). The installed capacity is 6 GW, with an electricity production of 20 TW h. DRC, Angola, and Cameroon account for 80 per cent of the total regional production. Hydropower accounts for about 75 per cent of total installed capacity. The rest of the installed capacity comes from thermal plants (IRENA 2015a (IRENA , 2015b . The region has important hydro resources which represent 60 per cent of the total hydro energy potential of Africa. Except for Equatorial Guinea, the hydro potential of all countries is significant. Compared to the potential of the other parts of Africa, solar and wind resources are less promising. Chad is the only country with real potential for wind power (IRENA 2015a (IRENA , 2015b The Southern Africa Power Pool (SAPP) includes 12 countries: Angola, Botswana, the DRC, Lesotho, Malawi, Mozambique, Namibia, South Africa, Swaziland, Tanzania, Zambia, and Zimbabwe.
Access to electricity in SAPP ranges from 85 per cent in South Africa to 40 per cent in Zimbabwe and 9 per cent in Malawi (SAPP 2007) . For the remaining countries, the rates of electrification range from 40 to 15 per cent.
The total installed capacity in SAPP is 50 GW which generates 320 TW h of electricity. 80 per cent of the total installed capacity is in South Africa. Coal-fired power dominates the regional power mix (SAPP 2007; IRENA 2015a IRENA , 2015b .
The region has large renewable resources. Nearly 40 GW of hydropower could be potentially deployed in the short to medium term, with the DRC's Grand Inga accounting for half of the total. Angola, Mozambique, Zambia, and Zimbabwe also have hydro potential of between 1 GW and 7 GW (SAPP 2007; IRENA 2015a IRENA , 2015b . All SAPP countries have high solar photovoltaic (PV) and concentrated solar power (CSP) potential and Malawi, South Africa, and Zimbabwe have potential in wind (IRENA 2015a (IRENA , 2015b . Mozambique, Swaziland, Tanzania, and Zambia have potential in biomass. Bagasse, from their important sugar cane production, could be used for electricity generation (IRENA 2015a (IRENA , 2015b .
Materials and methods
The Long-range Energy Alternative Planning System (LEAP), developed at the Stockholm Environment Institute of Boston (SEI), is an accounting platform that matches demand with supply-side energy technologies and reports the system impact, including electricity production by type, resource, and global warming potential.
It enables top-down, as well as bottom-up, macroeconomic modeling of the power sector and capacity expansion planning over the medium to long term.
It also incorporates a technology and environment database (TED), a compilation of technical characteristics, costs, and environmental impacts for different energy technologies from sources including the Intergovernmental Panel on Climate Change, the US Department of Energy, and the International Energy Agency (Mcpherson and Karney 2014) .
Modeling tool
Total electricity demand analysis
Total electricity demand is calculated as a product of total activity and electricity intensity for each sector and year (SEI 2006; Suhono 2015) . It is expressed as follows:
(1)
In the aforementioned equation, ED is the electricity demand of the sector i, TA is the total activity of the sector i, EI is the electricity intensity, s is the scenario, and t is the time.
Energy intensity at the generator level can be calculated as the quantity of energy consumed per unit of activity. Electricity intensity can therefore be calculated as the product of electricity consumption and total activity.
where EI is the electricity intensity, EC is the electricity consumed, TC is the total consumers, i is the sector, and t is the time.
From equations (1) and (2), the electricity demand is forecast for each end-user.
For the residential sector, the electricity demand can be forecast by projecting electricity intensity, electrification ratio, population, and household size. For the base year, this demand for the household is calculated as the product of total consumers and electricity intensity. Electricity demand for the following years is obtained by projecting the number of consumers and electricity intensity. The projected number of consumers is calculated as follows. (3) where TCh is the total consumers in the residential sector, P is population, HS is household size, and ER is the electrification ratio (percentage of households with electricity).
From equation (3), the electricity demand for household is forecast as follows: (4) where ECh is electricity consumption and EIh is electricity intensity in the household sector. P, HS, ER, s, and t are as described above.
Electricity consumption for non-residential sectors is also based on the number of consumers and electricity intensity. The electricity for each non-residential sector is thus forecast by projecting the number of customers and the electricity intensity.
(5)
where ED is electricity demand, a, i, and sv represent the sectors of agriculture, industry, and services.
Electricity consumption for transformation (electricity consumed at the transmission and distribution modules levels) is calculated for each process as follows:
Input is the fuel or feedstock used in the process of power generation. Output is the amount of electricity generated and Efficiency represents the efficiency of the power plant.
The total domestic electricity demand is then decreased by the outputs and increased by the inputs of the power plants.
Greenhouse gas emissions
The total emissions from final energy consumption are calculated as follows: (10) where GHGT is the emissions resulting from the energy transformation process, ETP is the transformation product, f is the energy transformation efficiency, and EFt,m,s is the emission factor from one unit of primary fuel types used to produce secondary fuel type t through equipment m.
Basic assumptions and data input
Assumptions
The study develops a regional LEAP model which considers the energy consumption and transformation sectors in the entire region of SSA.
The inputs of the model include gross domestic product, gross domestic product growth, population, and the numbers and sizes of households. Four sectors, (i.e. households, agriculture, industrial, and services) are included in the model. The level of activities (i.e. value added by industry, agriculture, or services) and total annual consumption by each sector are used to determine the final energy intensity required to forecast electricity demand. The energy conversion system includes electricity transmission, distribution, and generation. Electricity generation technologies include oil and gas turbines, combined cycle cogeneration, small and large-scale hydroelectric generators, photovoltaic systems, and wind turbines. In addition, for the different phases of the generation process, information on historical production, exogenous and endogenous capacity, process efficiency, reserve margin, dispatch rule, and lifetime of the plant is provided.
Reserve margin measures the additional generating capacity of a power system to meet peak demand. As such, it is a measurement of an electricity system's ability to continuously meet consumer demand, including periods of unplanned equipment outages and unexpected fluctuations in demand. More specifically, reserve margin is the amount of firm electricity generation capacity minus the system's maximum annual demand as a ratio of maximum annual demand.
The reserve margin constraint is defined as follows:
Where a i is the capacity credit of power plant/technology i or the share of capacity that is considered as 'firm'; CPi is the generating capacity of centralized power plant/technology i; RM is the reserve margin and D is the peak demand on the centralized grid system.
While it is usually required that producers and transmission facilities maintain a constant fraction of 10-20 per cent of their generating capacity, the current demand-supply ratio in many SSA countries is below 10 per cent. Therefore, an average regional reserve capacity of 10 per cent has been estimated as reasonable in this study.
The system load curve was calculated by taking the hourly demand values. While the maximum demand increased over time, the system load curve is assumed to remain constant over time. This is one of the main limitations of the analysis related to the module. Despite the daily granularity of the data input, LEAP only calculates the total annual generation for each plant (Mcpherson and Karney 2014) .
The system load and the associated peak requirement are shown in the Appendix (Figures A3-A4 ) However, given that electricity demand differs among countries, in reality, load profiles are country-specific. As an illustration, load-shape figures for one country belonging to each pool are given in the Appendix (Figures A5-A8 ).
Capacity credit is defined as the share of the rated capacity of a power plant that can be considered firm. For dispatchable power technologies (thermal and large hydropower using dams), the capacity credit is equal to 100 per cent. For variable renewable energy (wind, solar), the capacity credit depends on their share of the total generating capacity and the quality of the resource.
There are no detailed studies which calculate the capacity credit for each technology in each country in Africa. Therefore, rough estimates based on IRENA (2013a IRENA ( , 2013b IRENA ( , 2015a IRENA ( , 2015b are used. Solar power is extremely weather sensitive and variable. The capacity credit of centralized PV plants is thus set at 5 per cent. And the capacity credit of wind is different for each country, ranging from 0 to 10 per cent (IRENA 2013a (IRENA , 2013b (IRENA , 2015a (IRENA , 2015b ).
In addition, by using technology-specific emissions data provided by the TED platform, the global warming potential of the African power system development is calculated.
Data sources
Three of the five regional power pools-WAPP, EAPP, and SAPP-have created power sectordevelopment master plans. Our study is based on those documents. For the CAPP region, publicly available information has been used. Moreover, IRENA's assessments of renewable deployment prospects on the five regional power pool documents that have replicated, updated, and extended the regional master plans' methodologies are used to complete the analysis. Potential data from IRENA, principally for renewable sources, are taken from IRENA's Global Atlas (IRENA 2014). Information on GHG emissions and environmental is based on Tier 1 emission factors recommended by the Intergovernmental Panel on Climate Change (IPCC) (Penman et al. 2006 ).
Scenarios
Three variations of sustainable development objectives were developed for each regional pool, along with the reference scenario. These scenarios combine different levels of sustainable electrification policies from both the supply and demand sides.
The reference scenario is compatible with the IRENA renewable energy deployment study adapted from the regional master plan reference scenarios, with the exceptions of the differentiation in household (e.g. rural and urban)/industrial/services and agriculture sectors' electricity demand. Moreover, the Sustainable Energy for All (SE4ALL) policy that assumes an annual growth rate of 0.7 per cent in the potential of the electrified population to achieve universal access by 2030 6 has been modeled.
The second scenario models a deployment of the available renewable energy resources. In this scenario, based on available data on resource potential (committed and planned only) and ongoing transmission projects in the region, the new and additional capacities added are all renewables. However, no supplementary policy or measures to promote renewable energy are modeled.
The last scenarios are designed to increase the demand-and supply-side energy efficiency. The energy efficiency scenarios incorporate technologies and policies that improve power generation. Energy efficiency consists of managing and limiting energy consumption growth (IEA 2014a). Energy efficiency policies can be implemented on both the supply side and the demand side.
Demand-side management of energy efficiency or conservation consists of the design of measures or programmes seeking to reduce electricity demand or use (Taylor et al. 2008) . The supply-side management of energy efficiency refers to the actions taken to ensure the efficiency of the power generation system through the different chains, from the generation and transmission to distribution (Taylor et al. 2008) . Our demand-side efficiency scenario models the doubling of the rate of improvement of energy efficiency in the countries under investigation. The SE4All objective for this scenario is an annual drop of 2.6 per cent in energy intensity between 2010 and 2030.
From the supply side, high power transmission and distribution (T&D) losses 7 affect the electricity availability and system reliability in Africa. This issue is more accurate within the power pools framework. Indeed, in addition to ageing and insufficient transmission and distribution networks, the electricity grids across the region operate on different frequencies and voltages or use different equipment standards and, so, are incompatible with each other and cannot be connected to the transmission systems of neighbouring countries (Jabara et al. 2009 ). 6 The SE4All is a multi-stakeholder partnership which seeks, by 2030 to be, 'ensuring universal access to modern energy services; doubling the share of renewable energy in the global energy mix; and doubling the rate of improvement in energy efficiency worldwide' (UN 2011). 0.7 per cent is the electrification growth rate over the last couple of years and disclosed in the 'SE4ALL global tracking framework' report. This report, compiled by multiagency experts, states that the universal access will not be fulfilled by 2030 in most of the African countries and it will be lucky to observe on average the same rate of growth in electrification in the coming years. 7 T&D losses are a combination of technical losses and non-technical losses (i.e. electricity theft from distribution lines or through meter tampering, theft of distribution equipment, etc.).
The T&D loss rate in the sub-Saharan region can reach 25 per cent of total electricity consumption. This is double the global average and much higher than the loss rate in many developing countries. This rate is 10 per cent in South Africa and 14 per cent in North Africa (IEA 2014b). These high loss rates increase the unreliability of power systems, undermining their potential to satisfy the electricity needs at reasonable costs (IEA 2014b).
Across SSA, efficiency policies seeking to reduce T&D losses are taking place. For example, West Africa has engaged reforms to reduce losses from up to 40 per cent currently, to 10 per cent by 2020. Some countries in southern Africa (e.g. South Africa) have managed to reduce T&D losses by 10 per cent over the past few years. Some countries in East Africa have also made significant improvements during the 2005-11 period. For instance, between 2005 and 2011, distribution losses have decreased from 18 per cent to 16 per cent in Kenya, and from 27 per cent to 10 per cent in Uganda (Eberhard et al. 2013 ).
The supply-side energy efficiency consists of policies to improve the electricity production and transmission process through the reduction of the transfer capacities and transmission and distribution network losses. In this study, a reduction of 50 per cent in the transmission and distribution losses of the system by 2030 is linearly modeled.
This last couple of scenarios differentiate our study from all the aforementioned existing studies.
Overall, the objective of the elaborated scenarios is to improve electricity access in Africa without increasing GHG emissions.
Lower, yet more realistic assumptions regarding the future developments of the power system, as well as the socioeconomic environment of the region over the coming twenty years, have been made. Indeed, no ambitious policy has been modeled (e.g. the AfDB 'New Deal' plan launched in Davos in January 2016 that envisages 160 GW of new grid-connected generation capacity and 75 million new off-grid power connections by 2025, a 20-fold increase from today's numbers). Only the SE4All's three goals, which have already been implemented across the continent since 2012 are simulated. In addition, an annual electrification growth rate of 0.7 per cent, instead of a target of 100 per cent electrification by 2030, is applied (see footnote 3). Moreover, on the renewable energy deployment side, only the existing, committed plants and planned projects are included in the study. Potential future projects, promising sites, and technologies are not considered. 8 We thus believe that these scenarios are well-suited for the purpose of this study, to quantitatively analyse the current status of power generation in Africa and explore regional resources development towards universal electricity access and the associated emissions.
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Results and analysis Each scenario narrative described above was translated into generation mixes. For each generation mix, the following metrics are analysed: composition of electricity generation, energy resource diversity, and global warming potential. As such, the scenario comparison will be characterized by the trade-offs between these three metrics.
Demand projections
Electricity demand among the member states of the four power pools is projected to increase almost fourfold in 2040, from 583 in 2015 to 2,172 TW h (see Table 5 and Figure 1 ).
Currently, more than 78 per cent of the total demand of electricity in the region comes from the industrial sector with almost all of the rest from the residential and agricultural sectors (9 per cent and 7 per cent respectively). Within the residential demand segment, urban demand accounts for 71 per cent and rural for 29 per cent.
This mix is projected to change by 2040. Indeed, even if the share of the residential demand in the total demand declines due to the higher increase of demand from the other sectors, in 2040, the residential sector demand will rise in absolute value by 8 per cent. When analysing the total residential electricity demand, it has been forecast that by 2040, both urban and rural demand will climb by 0.6 TW h and 2.5 TW h respectively.
The industrial sector demand in absolute value, as well as a share of the total demand, will increase. It will represent 89 per cent of the total demand in 2040.
Demands from the services and agricultural sectors are also projected to increase in absolute values by 97 TW h and 19 TW h respectively. Nevertheless, by 2040, the industrial sector will still dominate the total regional electricity consumption.
For the WAPP member states, electricity demand is expected to increase threefold by 2040 to 243 TW h (Figure 2 ). Most of this demand comes from Nigeria. Among the sectors, the industry will have the largest share of energy demand in 2040 (75 per cent) followed by the agricultural section (16 per cent).
Currently, only 3 per cent of the electricity demand comes from the household sector. This figure will not change much by 2040, when only 3.1 per cent of the total demand will come from the household. Currently, more than 80 per cent of this residential demand comes from urban users. Rural demand is not significant. However, by 2040, the share of rural demand will slightly increase. Detailed sectoral demand by region is shown in Figure A2 in the Appendix.
Electricity demand in CAPP is expected to increase almost fivefold by 2040, boosting the figure from around 19 TW h in 2015 to 95 TW h in 2040 (see Figure 3) . CAPP consumption is dominated by the DRC which accounts for 58 per cent of the total demand, but will comprise 80 per cent of the electricity needs in 2040. The second largest consumer of CAPP is the Republic of Congo with 2.5 per cent of the current demand, but it will account for 6 per cent of the total demand in 2040.
The industry sector is projected to account for 94 per cent of the total demand in 2040. The current share of household electricity consumption is high (20 per cent). When analysing the projected residential electricity demand, it occurs that by 2040, it will account for only 3 per cent of the total demand. Both of the urban and rural demands are decreasing ( Figure A2 in the Appendix).
Demand in EAPP is projected to increase more than fourfold by 2040, boosting the total amount of electricity from around 165 TW h in 2015 to 774 TW h in 2040 (Figure 4 ). Egypt will account for 65 per cent of the total electricity demand by 2040 with over 500 TW h. However, its share of the total demand will decrease between 2015 and 2040 in favour of Kenya and the DRC, which will see their shares increase from 3 to 8 per cent and 5 to 10 per cent, respectively. Ethiopia is the fourth largest consumer of the power pool. In contrast, Burundi, Djibouti, Eritrea, Rwanda, and Somalia will together account for less than 2 per cent of the total.
Demand from the industrial sector will account for the largest share by 2040, reaching 85 per cent. The agriculture sector is the second largest consumer in the region with 7 per cent of the total demand. The residential sector demand is projected at only 5 per cent.
In total values, urban, as well as rural, demands will decrease by 0.5 TW h each. These figures could be explained by the population growth rate that will outpace the growth rate of electrification in some countries. DRC's residential sector is the first consumer of the region, followed by Gabon. The shares of the other countries are relatively low.
Regional demand within SAPP is expected to increase 4.5 times by 2040 from a current level of 237 TW h to 1,061 TW h ( Figure 5 ). The share of consumption of South Africa will decrease from 83 per cent to 66 per cent by 2040. Indeed, since South Africa is already a mature economy, the share of its demand relative to those of the other countries will fall by 2040. The shares of the demands of Zimbabwe, DRC, and Zambia in the regional total demand will particularly increase (from 5 per cent in 2015 to 11 per cent in 2040 for Zimbabwe, from 4.2 per cent to 7.4 per cent for DRC, and finally from 2.9 per cent to 7.3 per cent for Zambia). Angola and Swaziland have the lowest shares in the total demand of SAPP and their shares are projected to decrease by 2040.
Industrial and residential demands are projected to increase from the current levels by 700, 28, and 1 TW h, respectively.
Electricity generation projections
Generated electricity based on the BAU scenario for all regions is shown in Figure 6 where the different pools SAPP, EAP, WAPP, and CAPP, respectively generated 329, 240, 80, and 29 TW h of electricity in 2015. These productions will increase by more than 1.5 points in 2040 as electricity demand in all the fourth regional pools is increasing. In 2040, generated electricity will reach 520,460, 130 and 46 TW h, respectively in SAPP, EAP, WAPP, and CAPP ( Figure 7 ).
However, despite these rises in the generation quantities (by 58 per cent for SAPP, 92 per cent for EAPP, 63 per cent for WAPP, 60 per cent for CAPP), the energy needs in all the power pools' member states will still not be met by 2040. Indeed, the electricity demands are projected to be higher compared to the supply for all of the regional pools.
Regional generation
Under the BAU scenario, solid fossil fuels (i.e. coal) will still dominate the regional electricity generation in 2040 because of its high share in the SAPP electricity generation (32 per cent of the total production) and because of new coal-fired power plants that will become operational in EAPP in the near future. Natural gas will have the second highest rate out of the total mix of the regional electricity generation (28 per cent).
Hydroelectricity will have the third highest rate of the regional electricity generation mix (23 per cent) because of its high share in the CAPP electricity generation mix.
Besides coal-fired power plant generation, which accounted for 68 per cent of the generation mix in 2015, hydro accounts for 21 per cent in the mix of the SAPP electricity generation. Natural gas accounts for 5.8 per cent, the renewables other than hydroelectricity 9 for 4 per cent, oil for 0.7 per cent, and biomass for 0.4 per cent. The demand pattern will remain the same in 2040, with just a 1 per cent drop in the shares of coal, oil, and natural gas in the total generation mix and a 1 per cent increase in the other renewable sources.
The WAPP electricity mix in 2015 was as follows: 53 per cent for natural gas; 9 per cent for oil; 33 per cent for hydro; and 5 per cent for biomass. The other renewables resources are not significant.
In 2040, the share of hydro in the generation mix will decrease by 7 per cent. Natural gas will also decrease, but by only 1 per cent. Moreover, an increase in the share of biomass in the total electricity generation to 9 per cent will occur.
The electricity generation mix in EAPP is as follows: 69 per cent of natural gas, 1.3 per cent of oil, 20 per cent of hydro, 0.5 per cent of biomass, and 9 per cent of other renewables (geothermal and wind mainly in the EAPP perspective). This mix is projected to be slightly different in 2040, with decreases in the shares of natural gas and hydro that will account for only 50 per cent and 18 per cent, respectively. Rises in the shares of the other forms of renewable energy (16 per cent) and oil (11 per cent) are observed. In addition, an increase from 0 per cent to 3 per cent of the coal share out of the total mix is projected. Indeed, new coal-fired power plants (e.g. based in Kenya) are planned to be launched in the region.
The CAPP region is unique in having almost only hydropower plants generating nearly all the electricity. They account for 91 per cent of the total power generation mix. The shares of the other fuels are 6 per cent for natural gas, 1.8 per cent for oil, and 0.3 per cent for the other renewables. Hydropower will still have the largest share in the CAPP power generation mix in 2040, accounting for 89 per cent. However, an increase in the share of oil by 2.5 per cent is projected.
The alternative scenarios
Renewable energy scenario
Under the renewable energy scenario, hydroelectricity and, more generally, energy from renewable sources will dominate the regional power generation mix (see Figure 8 ). Hydroelectricity will account for 22 per cent of the generation mix of SAPP and the other forms of renewable energy (e.g. geothermal, small hydro, solar, wind) will account for 26 per cent of the mix. Under this scenario, the share of coal in the electricity mix will stand at only 47 per cent (compared to 68 per cent under the reference scenario).
While the share of hydro is expected to decrease by 7 per cent from 2015 to 2040 under the BAU in the total electricity generation mix of the WAPP, under the renewable scenario, this share will almost double by 2040, standing at 47 per cent. The share of the other renewables (mainly solar) is also projected to increase from 0.01 per cent under the reference scenario to 13 per cent in this scenario, while the share of natural gas and oil will decrease (from 11 to 4 per cent for oil, and from 52 per cent to 26 per cent for natural gas).
The generation mix of the EAP will also encounter important modifications under the renewable energy promotion scenario.
Indeed, the share of natural gas in the region mix will decrease by 10 per cent and the share of oil by half. On the contrary, the share of hydro will increase by 18 points. The share of the other renewables will also increase, but by only 1 point.
Given the current high share of renewable energy, principally hydro, the changes in shares of the electricity generation mix of CAPP are low under the renewable scenario. Increases in the hydropower share by 6.5 per cent and natural gas by 2.6 points are observed. Moreover, out of the total generation mix, the share of biomass will increase by 0.5 per cent and the other renewables by 0.1 per cent. A slight decrease in oil by 2.6 points is also projected.
Energy efficiency scenarios
Under the supply-side energy efficiency scenario, the changes in the electricity generation process of all the power pools are very small (see Figure 9 ). Compared to the reference scenario, a decrease in the production of CAPP by 4.5 TW h is observed at the hydroelectricity, natural gas, and oil levels (−3.6, −0.5, and −0.4 respectively).
For EAPP, this decrease will stand at −10 TW h in 2040. Decreases by more than 2.6 TW h for gas, oil, and hydro are projected. Decreases are also projected for the other fuels inputs in the process of electricity generation, but they will be less than 1 TW h.
WAPP will encounter a decrease of only 1 TW h while the SAPP decrease will stand only at 0.8 TW h.
Overall, in the supply-side management scenario, energy savings are as much as 17 TW h. The highest amount of savings will be made at the hydroelectricity level (−6 TW h) and in the natural gas and oil processes (−3 TW h).
The demand-side energy efficiency policy and measures seem more efficient for the regional power system overall, in terms of energy conservation. The highest rate of savings is observed for the EAPP system (−62 TW h in 2040). Decreases are observed in all the processes using the different fuels with the highest share for the hydropower process (−16 TW h). SAPP inputs fuels savings will stand at 15 TW h in 2040, under the demand-side energy efficiency. The savings will be particularly important at the coal-fired power plant level (−9 TW h), followed by hydropower (−3 TW h).
The reductions of inputs fuels in the generation process of CAPP under this scenario are −7.9 TW h. The highest saving rate will be for the coal-fired power plant that will stand at 9 TW h. The hydroelectricity generation process will save 3 TW h under the demand-side energy efficiency scenario.
Inputs fuels in the WAPP generation mix will decrease by 18, 7, and 6 TW h respectively for natural gas, hydro, and biomass. Overall, WAPP will save a total of 34 TW h by 2040.
Under the demand-side energy efficiency scenario, the electricity generation processes of the four power pools will allow savings of 119 TW h (see Figure 10 ).
Environmental perspective
Greenhouse gases (GHG) emissions that are produced from electricity generation by the different power pools and for the various scenarios are displayed in Table 6 .
The average growth rate of GHG emissions is 88 per cent from 2015 to 2040 for the four power pools under the BAU scenario. For EAPP and CAPP, this growth will become more than 100 per cent by 2040 (123 per cent for each).
Indeed, even if hydropower will account for a large share in the total generation mix of CAPP in 2040, an increase in the share of oil gas by 2040 is projected (+2.5 per cent), which will increase the GHG emissions of the region.
For EAPP, increases in the shares of oil and coal in the total electricity generation by 11 per cent and 3 per cent respectively in 2040 are projected, explaining the rise in GHG emissions. Moreover, the total productions in these two power pools are projected to steadily increase from 2015 to 2040.
Nevertheless, by considering only the carbon dioxide emissions, the rates of increase are smaller: a 69 per cent increase in total emissions, 119 per cent increase for CAPP, and 116 per cent for EAPP. These figures are explained by the Biogenic CO2 emissions, associated with the biomass cogeneration. Indeed, Biogenic CO2 emissions are those related to the natural carbon cycle or to the harvest, digestion, combustion, decomposition, fermentation, or processing of biologically based materials (EPA 2014).
As biomass usages in electricity generation are increasing in the region, the Biogenic CO2 emissions will increase, as well. This is particularly obvious in the alternative scenario: the renewable promotion scenario.
Under the renewable scenario, the GHG emissions will decrease by 2040 for all the power pools in the region. The regional total emissions under this scenario will decrease by 3.3 per cent in 2015 and by 6 per cent in 2040. Those reductions in the emissions are even higher if one considers only the 3.9 per cent reduction in CO2 in 2015 and 7.7 per cent in 2040. Under this scenario, some committed projects on generating capacity addition from biomass will become operational (e.g. in South Africa, Somalia, Mozambique, Benin, Guinea, etc.). This will result in an increase of Biogenic CO2 emissions in the region, lowering the potential emissions reductions associated with the switch to more clean energy sources.
Overall, under this scenario, the reductions of CO2 emissions in 2040 are the most significant in EAPP and WAPP (-22 per cent). Only 1.7 per cent of reductions of CO2 emissions is observed for SAPP and no reduction at all is observed for CAPP.
The energy efficiency scenarios both on the demand side, as well as the supply-side management measures, allow for reductions in the total GHG emissions for the entire regional power pools.
Overall, between 2015 and 2040, the GHG emissions in the region will increase regardless of the scenario due to the increase in power generation associated with the increase of electricity demand in the region. Under the energy efficiency scenario, and with demand-side management policies, the reductions of GHG emissions will reach 9 per cent in 2040, as compared to the BAU scenario. The regional reductions under this scenario in 2040 will be: 31 per cent, 18 per cent, 3 per cent, and 39 per cent for WAPP, EAPP, SAPP, and CAPP, respectively.
Supply-side energy efficiency policies will allow for decreases in the GHG emissions by 20 per cent in 2040.
Under the supply-side energy efficiency policies, the reductions in the regional electrical systems in 2040 will stand at 21, 22, 19, and 34 per cent for WAPP, EAPP, SAPP, and CAPP, respectively.
Policy implications and conclusion
This paper develops an electricity supply-demand scenarios-based model to identify the most efficient and environmentally friendly way for the African power systems development and looks at the feasibility and consequences on the universal access to electricity of African countries.
Scenarios-based analysis of the electricity system was conducted from the technological, economic, and environmental perspectives, using the scenario methodology developed by Schwartz in the context of the energy-economic modeling platform 'Long-range Energy Alternative Planning'.
The results show that under the BAU, we will face both increases in primary resource requirements and GHG emissions. However, despite the increases in electricity generation, even if the universal access to modern energy will not be fulfilled by either 2030 or 2040, total electricity will increase as much as fourfold, making the supply insufficient to meet the demand. In the final year of projections, the total demand of electricity for the four regional power pools will be 2,173 TW h while the production will stand at 1,155 TW h. The unmet demand of the region will then be 1,018 TW h. Therefore, almost half of the electricity needs in the region will not be met.
Consequently, the current national and global energy policies for the electrification of Africa are not sufficient to allow for an alleviation of electricity poverty by 2040. In other words, with the current electrification rate, more than two decades will be required to end energy poverty in SSA.
To investigate the methods to meet this demand in a sustainable way, three alternative scenarios based on the reference scenario are designed.
First, a renewable energy promotion scenario, which assumes that the future capacity expansion of the regional electricity network will be made by adding only renewable energy sources, is designed. The result is an increase in the quantity of generated electricity by 44 per cent in 2040, compared to that of the BAU.
Therefore, by using their vast and largely untapped renewable energy potential, sub-Saharan countries could provide electricity for all more rapidly. Nevertheless, the ongoing renewable energy policies will be insufficient to meet the total electricity needs by 2040. There will still be an unmet demand that will stand at about 510 TW h.
In addition, the current projects which seek to promote hydro and biomass mainly as renewable sources of energy will fail to reach the objective of sustainable electrification in the region as the GHG emissions under the renewable scenario will increase. Indeed, if the general decrease in the fossil fuel consumption in the generation mix leads to GHG emissions reductions by 6 per cent and CO2 reductions by 7.7 per cent, increases of biomass energy in the generation mix of some countries under this scenario may jeopardize the potential of the emissions reductions.
Overall, policies for accelerated deployment of renewable energy are needed, but a careful selection of renewable energy technologies that are appropriate to Africa is also primordial as they are not equally sustainable. Some biomass power and cogeneration projects have the potential to conflict with climate change mitigation goals.
Second, two scenarios that are variations of energy efficiency policies have been tested as alternative sustainable scenarios to meet SSA's energy demand. The first one is related to demandside energy efficiency measures that seek to reduce the energy intensity of energy consumption by doubling the rate of improvement in energy efficiency. Under this scenario, the four power pools would save 119 TW h. Moreover, under this scenario, a total reduction of 65 million metric tonnes of GHGs is realized.
In addition to the demand-side efficiency measurements, supply-side energy efficiency has been simulated. A reduction by half of the losses that occur along the chain of transmission and distribution of electricity generation systems to increase the supply-side energy efficiency has led to energy savings of 60 TW h and emissions reductions of 147 million metric tonnes of GHGs.
Hence, energy efficiency and conservation measures that will improve electricity efficiency from both the demand side and supply side are the best options for the region to tackle issues, such as energy shortages, energy poverty, and energy security, as well as those related to climate change (see Table A3 for a comparative summary of the four scenarios).
Energy conservation mechanisms will help limit energy demand by either promoting the usage of energy-efficient appliances and equipment or by changing negative consumer behaviour. The improvement of the efficiency of electricity generation through better equipment will help reduce the generation, transmission, and distribution loss rates, lower operating costs across industries, strengthen energy security, and reduce GHG emissions. In addition, energy efficiency has the potential to impact SSA sustainable economic development.
However, due to the limited understanding of energy efficiency as an energy resource and the little awareness of the benefits it can provide, energy efficiency has received limited attention in SSA in the past. African countries are often largely more preoccupied with the immediate problems of meeting the pressing demands for a minimum level of modern energy services for the majority of their populations and the international community is more interested in financing the development of renewable energy than energy efficiency in SSA. Hence, energy efficiency in SSA is given a low priority and efforts are largely towards the extension and increase of electricity generation rather than energy efficiency.
Nevertheless, it should be noted that many countries have recently undertaken some small-scale energy efficiency projects. However, these projects face a variety of market and non-market barriers, including poor regulatory environments and governance issues that undermine the economic incentives to invest in energy efficiency and impede the private sector energy efficiency market, lack of a local trained workforce to undertake new energy efficiency projects, as well as a lack of access to financing for energy efficiency projects. Policies to overcome these barriers and scale up energy efficiency measures include the institution of cost-reflective electricity tariffs and lifeline tariffs for the low-level income populations that will help ensure that the poor have access to electricity and that power utilities have a sustainable business model, investments in local workforce training, and access to financing mechanisms in conjunction with the international climate finance mechanisms.
The long-term climate change objectives are incompatible with the BAU trajectory of SSA that will lead to an 88 per cent increase in its emissions by 2040. It is in the global interest to increase adaptation assistance, as well as accelerate the transfer of energy efficiency technologies that will help meet the growing demand while reducing greenhouses gas emissions.
Overall, the study shows that more ambitious measures to increase the electrification rate as much as 40-fold on today's number are needed for an alleviation of electricity poverty in SSA. This could be achieved through an increase of both the number of new grid-connected power generation capacity and off-grid renewable power solutions in addition to demand and supply-side energy efficiency measures. Source: Author's compilation based on Enerdata (2015) and World Bank (2015) . Source: Author's compilation based on Enerdata (2015) and World Bank (2015). 
